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HYROID DYSFUNCTION IS
common in the general population, with increasing prevalence of overt thyroid disease with increasing age. 1 Subclinical thyroid dysfunction, indicated biochemically by abnormal serum thyrotropin (TSH) values in association with normal thyroid hormone values, is also common, with a prevalence among adults of up to 12% and increasing with age. [2] [3] [4] The pathophysiological consequences of mild thyroid dysfunction remain unclear. Several studies have shown an effect of subclinical hyperthyroidism on cardiac function or morphology. 5 Importantly, there is evidence from 2 large prospective cohort studies 6, 7 and a crosssectional study 8 of an association between subclinical hyperthyroidism and atrial fibrillation (AF). Atrial fibrillation is an important dysrhythmia representing an independent risk factor for cardiovascular events and stroke. 9 We have previously reported from a cohort study of 1191 subjects 60 years or older that a single low serum TSH measurement predicts increased all-cause mortality during 10 years of follow-up, an excess mortality specifically reflecting increased deaths from circulatory disorders, 10 although another study has not replicated this. 6 Subclinical hypothyroidism may also have pathophysiological consequences relevant to the cardiovascular system, with associations described with hyperlipidemia and left ventricular dysfunction 11, 12 and evidence for reversal of these changes with thyroxine (T 4 ) replacement therapy. 13 There is conflicting evidence whether these findings translate into car-diovascular morbidity or mortality, 6, [14] [15] [16] [17] [18] [19] but a recent meta-analysis suggests that subclinical hypothyroidism is associated with increased coronary heart disease risk. 20 Overall, evidence of an association of subclinical thyroid dysfunction with morbidity or mortality has been considered insufficient, at least to direct strategies for screening or therapeutic intervention. 21 Since AF is one of the most important chronic disorders linked to subclinical thyroid dysfunction that might warrant screening or treatment, we have examined the relationship between thyroid status and the presence of AF on electrocardiogram (ECG) in a large community-based cohort of subjects 65 years or older.
METHODS
PARTICIPANTS AND DATA RECORDED
The cohort comprised 5860 subjects 65 years or older and excluded those currently being treated for thyroid dysfunction and those with a history of hyperthyroidism. Subjects were identified and investigated in primary care with tests of thyroid function and resting 12-lead ECG digitally recorded onto a personal digital assistant, transferred to a personal computer, and displayed for analysis using Cardioview Software (MicroMedical Industries Ltd, Sydney, Australia). All ECGs were analyzed for the presence of AF by a single cardiologist (M.D.G.) blinded to thyroid status and patient details.
All current drug therapies were recorded, as were major risk factors for AF previously defined in the Framingham population (smoking, diabetes mellitus, hypertension, heart failure, and ischemic heart disease) and used in similar studies. 7 Initial recording was based on patient reporting, with validation by inspection of primary care records as previously described. 22 The sensitivity and positive predictive value of computerized information regarding major medical diagnoses recorded in family practice in the United Kingdom has been shown to exceed 90%. 23, 24 All subjects gave written informed consent for the study, which was approved by the multicenter research ethics committee.
TESTS OF THYROID FUNCTION AND CLASSIFICATION BY THYROID STATUS
Serum samples were stored at −80ºC. Serum free T 4 , free triiodothyronine (T 3 ), and TSH were measured by chemiluminescent immunoassay (Advia Centaur; Bayer Diagnostics, Newbury, England). The laboratory reference range for free T 4 was 0.70 to 1.55 ng/dL (9.0-20.0 pmol/L), with an interassay coefficient of variation of 8.2% to 9.8% over the range of 0.64 to 4.27 ng/dL (8.2-54.9 pmol/L). Serum TSH concentration had a reference range of 0.4-5.5 mU/L, with an interassay coefficient of variation of 4.4% to 10.9% over the range of 0.41 to 24.5 mU/L. The lower limit of reporting for the TSH assay was 0.1 mU/L, with a mean functional sensitivity 0.02 mU/L. Free T 4 and TSH concentrations were determined in all; in those with serum TSH concentrations below the reference range, serum free T 3 (reference range, 227.3-422.1 pg/dL [3.5-6.5 pmol/L], interassay coefficient of variation of 4.2%-6.9% over the range of 259.7-1039.0 pg/dL [4.0-16.0 pmol/L]) was additionally measured. The reference ranges used for free T 4 , TSH, and free T 3 were those recommended by the manufacturer and used in other studies of this cohort and studies from our unit. 22, 25 Subjects were classified according to measurements of serum free thyroid hormone and TSH concentrations as follows: 
STATISTICAL ANALYSIS
Data were summarized using medians, interquartile ranges (IQRs), proportions, and associated 95% confidence intervals (CIs). The Kolmogorov-Smirnov test was used to assess normality of free T 4 , free T 3 , and TSH values. The comparison of median concentrations of free T 4 and TSH used MannWhitney and Kruskal-Wallis nonparametric tests. The comparison of proportions was achieved using Pearson 2 and Fisher exact tests, as appropriate. The analysis of factors associated with the prevalence of AF was conducted using a logistic regression model. Backward stepwise elimination was used to produce a parsimonious logistic regression model, and the possibility of nonlinearity and interaction effects was also investigated.
RESULTS
PREVALENCE OF THYROID DYSFUNCTION
The cohort comprised 5860 subjects. The median age of the cohort was 72 years (range, 65-98 years; 50.9% female and 49.1% male). Overall distributions of age and free T 4 , free T 3 , and TSH values were significantly different from normal (PϽ.01); nonparametric statistics were therefore used to summarize and analyze these parameters. Fourteen subjects (0.2%) were found to have previously undiagnosed overt hyperthyroidism (median free T 4 , with serum TSH lower than 0.1 mU/L. One additional subject had an erroneous free T 4 result reflecting familial dysalbuminemic hyperthyroxinemia. These 11 subjects were excluded from analyses based on thyroid status categories but were included in other analyses.
PREVALENCE OF AF ACCORDING TO CATEGORY OF THYROID STATUS
The prevalence of AF evident on resting ECG in the whole cohort was 4.8%, with a prevalence of 3.1% (91/2982) in women and a higher prevalence in men at 6.6% (189/ 2878) (odds ratio [OR], 2.23; PϽ.001). Of the cases of AF evident on ECG, 150 (53%) were newly found; a history of AF had been recorded in the remainder. The prevalence of AF according to category of thyroid status is given in Table 1 ; this indicates little variation in prevalence compared with the numerically dominant euthyroid group, with the exception of the subclinical hyperthyroid group. A comparison of the prevalence of AF between the euthyroid and subclinical hyperthyroid subjects allowing for differences between the sexes was achieved with a logistic regression of AF prevalence against thyroid status and sex. This confirmed the higher prevalence of AF in men (PϽ.001) and in subclinical hyperthyroid subjects when compared with euthyroid subjects (P=.01). A similar analysis showed no significant difference in AF prevalence between the euthyroid subjects and those in other categories of thyroid status (P =.57). The prevalence of AF in the 126 subjects with subclinical hyperthyroidism was 3.7% (1/27) in those with undetectable TSH and 11.1% (11/99) in those with low but detectable TSH (P =.46). Table 2 gives AF prevalence divided according to age and sex. Logistic regression of AF prevalence against age and sex revealed a significant rise with increasing category of age (PϽ.001) and higher prevalence in men than in women in all age groups (PϽ.001). The median ages of subjects with and without AF were 77 and 72 years, respectively (PϽ.001).
ASSOCIATION BETWEEN AF AND SERUM FREE T 4 CONCENTRATION IN THE WHOLE COHORT
There was a significant difference in serum free T 4 concentration between patients with AF and those without in the whole cohort (median free Figure 1 illustrates the increasing prevalence *Eleven subjects (all female) were unclassified biochemically and were omitted from this analysis. Logistic regression analysis, taking into account risk factors for AF defined previously in the Framingham cohort (smoking, diabetes mellitus, hypertension, heart failure, and ischemic heart disease) ( Table 3) , showed a persistent association of AF with increasing serum free T 4 concentration, subclinical hyperthyroidism, age, and male sex, as well as the expected risk associated with diabetes mellitus, hypertension, and heart failure. Serum TSH, smoking, and ischemic heart disease were not significant independent predictors of AF (P = .94, .33, and .12, respectively). A difference in serum free T 4 concentration of 1 pmol/L (0.08 ng/dL) was associated with an OR for the finding of AF of 1.08 (95% CI, 1.03-1.14; PϽ.001), while larger differences in free T 4 concentrations of 2. 
ASSOCIATION BETWEEN THE FINDING OF AF AND SERUM FREE T 4 CONCENTRATION IN SUBJECTS WITHOUT THYROID DYSFUNCTION
In view of the well-recognized influence of overt thyroid dysfunction on AF risk, 26 further analysis was performed excluding those with previously undiagnosed overt hyperthyroidism and hypothyroidism. The remaining group comprised 5812 subjects, 279 (4.8%) of whom had AF on ECG. Serum free T 4 concentration remained higher in those with AF than in those without (median free T 4 
001).
Logistic regression analysis of the significant risk factors for this subgroup that excluded those with overt thyroid dysfunction produced similar results to those seen for the whole cohort ( Table 4) .
Further subgroup analysis confined to those 5519 euthyroid subjects in the cohort with normal serum TSH concentrations (0.4-5.5 mU/L) again revealed higher free T 4 concentrations in those with AF compared with those without (median free T 4 Table 4 used a more stringent definition of euthyroidism, namely TSH concentration in the range of 0.4-4.0 mU/L, inclusive. Serum free T 4 remained an independent predictor of AF (P=.009), as did other factors significant when the euthyroid range of TSH concentration was defined as 0.4 to 5.5 mU/L. Because it is well recognized that amiodarone therapy is associated with a rise in serum free T 4 concentration (typically within the normal range) 27 and this therapy is prescribed in AF, an analysis was repeated excluding results from the 25 subjects in the cohort prescribed this drug, to avoid any potential bias of association. After this exclusion, serum free T 4 remained an independent predictor of AF, with a minimal difference in OR (per 1-pmol/L change [0.08 ng/mL] of free T 4 , 1.07; 95% CI, 1.02-1.13; P=.01), and the association with subclinical hyperthyroidism remained significant (OR, 1.92; 95% CI, 1.03-3.70; P=.04).
COMMENT
The present study has revealed an association between the finding of AF on resting ECG and serum free T 4 concentration in a large community-based elderly cohort, even in biochemically euthyroid subjects with normal serum TSH concentrations. As expected, there was an association of AF with increasing age and male sex, as well as other recognized risk factors including hypertension, heart failure, and diabetes mellitus, 28 the overall prevalence of AF being similar to that described in other cohorts of similar age. [29] [30] [31] [32] Taking previously recognized risk factors into account, serum free T 4 was an independent predictor of the presence of AF in the cohort as a whole, and this association was sustained after exclusion of those with overt thyroid dysfunction. Furthermore, when the analysis was further restricted to those classified as euthyroid (with normal serum TSH concentration), this independent relationship between serum free T 4 and AF was still evident.
OVERT AND SUBCLINICAL HYPERTHYROIDISM AND AF RISK
It is well recognized that overt hyperthyroidism is associated with AF, the reported prevalence being 5% to 15%. 26, 33 This association of AF and overt hyperthyroidism is more common with increasing age and with underlying cardiovascular disease, especially structural heart disease 26, 34, 35 and is known to be associated with complications, especially stroke. 34, 36 The present study revealed only a low prevalence of previously undiagnosed overt hyperthyroidism detected by screening; none of these subjects had AF.
A topic of considerable debate and importance is the relevance of subclinical hyperthyroidism to AF risk, especially in older age groups. Several studies have indicated an association between subclinical hyperthyroidism and AF prevalence or incidence. Ten years of follow-up of more than 2000 subjects 60 years or older, who were part of the Framingham cohort, revealed an adjusted relative risk of 3.1 (95% CI, 1.7-5.5) for development of AF in the undetectable TSH group and 1.6 (95% CI, 1.0-2.5) in those with low but detectable TSH. 7 This cohort was different from the present one in that it included subjects with overt hyperthyroidism and taking thyroid hormones, which may account for the higher prevalence of subclinical thyroid dysfunction than described here. Similar findings have recently been reported by Cappola et al 6 investigating incident AF in 3233 US community-dwelling subjects 65 years or older. After exclusion of those with prevalent AF, those with subclinical hyperthyroidism (1.6% of the cohort) had a greater incidence of AF compared with those with normal thyroid function over a period of 12 years (adjusted hazards ratio, 1.98; 95% CI, 1.29-3.03).
A further large but retrospective cross-sectional study compared the prevalence of AF in 1338 subjects with overt or subclinical hyperthyroidism due to autonomous thyroid nodules or Graves disease with AF prevalence in a control group of 22 300 subjects admitted to a hospital. 8 The AF prevalence was 13.8% in patients with overt hyperthyroidism, 12.7% in those with subclinical hyperthyroidism, and 2.3% in euthy- Abbreviations: NA, not applicable; T 4 , thyroxine; TSH, thyrotropin. *Data are given as odds ratio (95% confidence interval) for the finding of atrial fibrillation for whole cohort, the cohort excluding subjects with overt thyroid dysfunction, and euthyroid subjects alone (defined by 2 reference ranges for serum TSH concentration).
(REPRINTED) ARCH INTERN MED/ VOL 167, MAY 14, 2007 WWW.ARCHINTERNMED.COM 932 roid controls. The relative risk of AF in those with subclinical hyperthyroidism was 5.2 (95% CI, 2.1-8.7) compared with controls. The results of the present study, in terms of the finding of increased AF prevalence in subclinical hyperthyroidism, are similar, but Auer et al 8 did not explore any relationship of AF with thyroid hormone concentrations. A further difference is that in the present study, classification of subjects with regard to their thyroid status was restricted to biochemical investigation, and those classified subclinical hyperthyroid were not limited to those with proven underlying thyroid disease.
ASSOCIATION BETWEEN AF WITH SERUM FREE T 4 CONCENTRATION
An intriguing and novel finding in the present study is the association between the presence of AF on ECG and serum free T 4 concentration, a relationship still evident when those with thyroid dysfunction were excluded and when those prescribed amiodarone were excluded. An expected similar (but negative) association with serum TSH concentration was not evident, despite TSH being considered a more sensitive index of thyroid status than free T 4 . Circulating TSH reflects the negative feedback effects of T 4 and T 3 on the pituitary gland, as well as a variety of other influences such as nonthyroidal illnesses and drug therapies. 37 It is possible that serum free T 4 is a more sensitive index of cardiac "thyroid status" than TSH and that the present findings reflect particular sensitivity of the heart to T 4 . Several potential mechanisms could be invoked for the effect of T 4 on AF risk, including elevation of left atrial pressure secondary to increased left ventricular mass and impaired ventricular relaxation, 38 enhanced automaticity and triggered activity in pulmonary vein cardiomyocytes, 39 ischemia resulting from raised resting heart rate, and increased atrial ectopic activity. 40 Free T 4 concentrations may themselves be modulated by "nonthyroidal" factors such as illnesses and drug therapies, 37 the typical influence being reduction in free T 4 concentration, and these same factors are likely to increase risk of AF. However, we found that low free T 4 concentration was associated with the lowest prevalence of AF, arguing against any nonspecific influence of illness state or drug therapies.
The present finding of an association in euthyroid subjects between serum free T 4 concentration and AF is consistent with a recent study of 403 ambulatory men aged 73 to 94 years in whom higher free T 4 concentration within the reference range was associated with lower physical function, independent of age and illness, 41 lending support to the view that variation of free T 4 concentration, even within the normal range, may have deleterious physiological consequences.
STRENGTHS AND WEAKNESSES
Major strengths of our study were the recruitment of a large population-based cohort of older subjects that excluded those with current thyroid disease or previous hyperthyroidism and the documentation of major risk factors for AF. The prevalence of AF was determined by resting 12-lead ECG, with interpretation by a single blinded observer. Subgroup analysis was performed after exclusion of those with overt and subclinical thyroid dysfunction, and we performed analyses taking into account age, sex, and known risk factors, as well as category of thyroid status and serum free T 4 concentration. A weakness is that incident data for AF and other vascular end points, including mortality, have yet to be recorded for this cohort.
CONCLUSIONS
The present study examined a community-based cohort of elderly subjects and specifically excluded those with current thyroid disease and previous hyperthyroidism. The finding of increased likelihood of AF in those with subclinical hyperthyroidism lends support to the small number of studies linking this biochemistry with AF risk. [6] [7] [8] We found no association of subclinical hypothyroidism with AF, confirming the results in previous studies. [6] [7] [8] The finding that subclinical hyperthyroidism detected as a result of screening is associated with AF contributes to the debate 21 about the value of screening at-risk populations, such as elderly subjects, known to have a higher prevalence of undetected (and usually mild) thyroid dysfunction. This debate needs to be informed by evidence from trials investigating whether treatment prevents or reverses AF. In those receiving T 4 replacement therapy, the findings add support to recommendations 21 to adjust T 4 doses until TSH and free T 4 concentrations are within the reference range. In euthyroid subjects with normal TSH values, the finding of higher risk of AF in those with high but normal serum free T 4 concentrations raises intriguing new questions about reducing risk of this important and common dysrhythmia in the general population.
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